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Magnetoelastic anisotropy in NdFeB permanent magnets
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The influence of magnetoelastic effects on the anisotropy in NdFeB permanent magnets has been
investigated. A relation between the magnetostriction coefficients and the magnetoelastic anisotropy
is derived for crystals with tetragonal symmetry. Transmission electron microscopy experiments
show that stress and strain are present at the boundaries of jfreMigrains. The origin of the

stress is discussed and an order-of-magnitude calculation of its effect on the anisotropy is provided
for thermally induced stress. The calculations are in good agreement with the measured influence of
stress on coercivity. Both experiment and calculations show that homogeneous stresses have only a
small influence on the coercivity. @999 American Institute of Physics.
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I. INTRODUCTION boundaries. The origin of the stress will be discussed and the

thermal expansion of the various phases will be determined.
To improve the hard-magnetic properties of In Sec. IV, calculations will be performed relating the in-

Nd,Fe ,B-based permanent magnets, numerous elementiuced stress to the coercivity. In Sec. V, the main conclu-

have been addeldThese include low-melting metalévl) sions are presented.

like Al, Cu, Ga, and Sn, which improve corrosion resistance

and increase coercivity by forming intergranular phases other

than the Nd-rich phase~NdgFe,). The most important Il. MAGNETOELASTIC ANISOTROPY

intergranular phase formed by the M elements is the so- |, many textbooks, the relation between the magneto-
called § phase, with composition Nefeys xM; 2Thein-  glastic anisotropy and the magnetostriction for crystals with
crease in coercivity has been attributed tg the better wettgspic symmetry is givenK,, .= 3\<o, with o the external
bility of the § phases compared to the Nd-rich phase or to thetress and , the average spontaneous magnetostriciar
suppression of the formation of soft-magnetic phases. In apwer symmetries the situation is more complicated and the
article on DyGa addition, we have shown that annealing bemagnetization-dependent magnetostrictions must be taken
low 640 °C leads to the formation of th&phase and at the into account. The compound bige, ;B hasP4,/mnmsym-
same time to an increase of coercivity from just over 300 tametry, which means that it has six independent stiffness co-
1200 kA/m? From the temperature dependence of the coerefficients and the same number of magnetoelastic terms in
civity (using Kronnilier's modef), we have deduced that the Hamiltonian. Because in aligned magnets the stress is
this is not due to the suppression of the formation of soft-expected to be along a crystallographic axis, we neglect the
magnetic phases. It seems also unlikely that the increasagélgonal distortions, which leaves only three magnetoelastic
wettability can account for such a large difference. Thereterms. The one-ion magnetoelastic Hamiltonkhg . is now
fore, we study in this article the influence of magnetoelastiggiven by
effects on the anisotropy and coercivity of NdFeB permanent
magnets. Previous investigations of Ramdsive addressed Hpe=—(B*e™+ Bazeaz)og_ Byeyog' @)
the same issue. However, this article will show that his asin this expression the*’s are the symmetrized external
sessment of the influence of stress on coercivity is basicallgtrains, theB#’'s the associated magnetoelastic coefficients as
incorrect, resulting in a stress-related anisotropy several omgiven in Ref. 7, an(Dg andO% the Stevens operator equiva-
ders of magnitude larger than the results presented here. lents. This results in the following Hamiltonian:
The article is organized as follows: in Sec. Il, we derive _
an expression for the magnetoelastic anisotropy constant for H=Hect Hmet Hme. @
a compound with tetragonal symmetry. In Sec. Ill, transmis-Because the exchange interaction is very large, the magneto-
sion electron microscopyTEM) measurements are shown elastic Hamiltonian may be considered as a first-order per-
which reveal that NgFe B grains are stressed near their turbation to the exchange Hamiltonian. It can, therefore, be
treated in the same way as the magnetocrystalline Hamil-
dpresent address: Francis Bitter Magnet Laboratory, Massachusetts Instituttoman; the d|_agonallzat|0n IS reduced. o a transformation of
of Technology, 170 Albany Street, Cambridge, MA. Electronic mail: the perturbation to the correct coordinate systeim.other
grootc@mit.edu words, the Stevens operator equivalents which are defined
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with respect to the crystallographic coordinate system, haveéABLE I. Elastic properties of NgFe 4B, Nd, and stainless steel and mag-

to be transformed into the exchange-field-related Coordi_netoelastic properties of MHe,B. The magnetostriction coefficients are
. . . . . calculated from the strains at 15 T as measured by algaetlsP
nates, which are defined with respect to the direction of mag:-

netization. This transformatiSrieads to the following ex- E(®)=150 GJ/m v(®)=0.21
pression for the magnetoelastic eneigy : E(Nd)=41 GJ/n? Ng1=—87X10°°
E(s9=200 GJ/m Na2=27x1076
_3cos -1 sir? 6

aSee Ref. 10.

(Baleal+ Ba26a2)<og>+

m.e. 2 2

0 1 2
Xcog24)B7e’(0g)+--(0z)+-(0z), () For an isotropic crystal, the stiffness constants may be

— . expressed in terms of the Young’'s modullsnd the shear
where(Oy) is the thermal average of the expectation Value'modulusG or the Poisson ratio = E/2G —1-

For the first-order magnetoelastic anisotropy consiant. ,

we are only interested in the cogdependence of the first- . 2E

order perturbatiofOY). Thus,K, .. simplifies to c“ Py (19)
Km.e=3(B**e*! +B*?¢*?)(03) — 3c052¢)B?e’(03), (4) C*?=C7=E/(1+v), (12)
where ¢ is the angle between the strain direction and the C*'?=0. (13

in-plane component of the magnetization. The orthorhombic
distortionB”€” breaks the tetragonal symmetry, which for an

easy-axis system leads to a difference in hard'magnetizatiolﬂagnetization along a certain direction. Algaralalal°

directions perpendicular to theaxis. Because the appropri- have measured the straing,, Agc, €tc., except fol .y, in
ate anisotropy for magnetization reversal is given by the pati ar e ’ an?

R ) ) lelds up to 15 T. To calculate the magnetostrictions coeffi-
of magnetization reversal with the lowest-energy difference b g

. L : tientsA*? and A*2, we must assume that,,=\,,, and
the anisotropy S.hOUId be m|n|mo|zed V\f,'th r_espect¢LcDe- therefore, neglect the orthorhombic distortion. The results
pending on the sign d?e?, ¢=0° or 90°, which means that

A i . from these calculations are collected in Table I.
the orthorhombic distortion always lowers the easy-axis an-

isotropy no matter whether the stress is tensile or compres-
sive. lll. EXPERIMENTAL RESULTS

The magnetoelastic coefficients may be expressed in  The NdFeB magnets were processed using the liquid
terms of the stiffness coefficients through the minimizationphase sintering method. Ga or Cu was added either in the

Because NgFe B has a very large magnetocrystalline
anisotropy, a large external field must be applied to force the

of the free energy, ingot or as DyGa powder after the ball milling. The magnets
W e el s ~dos a2 were aligned  a 9 Tpulsed field and after pressing, sintered
B (0z)=C*\* 4+ C* N7, () to atomic density at 1090—1120 °C. The magnets were sub-
_ sequently annealed at either 600 {l@w coercive, nod
B**(03)=C*2\ 2+ C*1 A\, (6)  phase or 650 °C (high coercive, presence @ phasg. The
- composition of the magnets is Ngfe;g 87, with up to 1
B7(05)=C"\?, (7)  at.% of Fe replaced by Cu or Ga or with 3-5 wt% DyGa

added. The magnetic properties were measured in a

whereC* are the symmetrized stiffness constants rticire S
. L - vibrating-sample magnetometdi(VSM), Oxford Instru-
the symmetrized magnetostriction coefficients. We empha- .
. N . -mentg. For structural analysis, the samples were cut perpen-
size that these are magnetization-dependent magnetostrlctl%p

- - cular to thec axis. Phase identification was performed by
coefficients and not the spontaneous magnetostrictions re- i ) . .
. oo .—__electron-probe microanalysis. The slices of the magnet were
sulting from the exchange contribution. The latter anses, . ned by ion-beam milling before TEM examination

from the two-ion interaction term in the Hamiltonian and are ) . .
; ) Experimental results of TEM micrographs are shown in
already included in the measurements of the magnetocrysta]l:-

. : X - ig. 1. Half circles with different gray scale than the back-
line anisotropy. The symmetrized magnetostrictions can ber und are visible at the boundaries of the,Rel8 (®)
expressed in the Cartesian strains, which can be measurgd0 . 274

) . ) . grains with all intergranular phases, including thehase.
experimentally. Defining.;; as the strain alonffor a given ) . o
o _ L . These circles are present independent of coercivity and an-
magnetizatiorM, the magnetostriction coefficients are given . S
neal history of the magnet and indicate the presence of stress

by on the® grains. This stress changes the lattice parameters of

1 the Nd,Fe 4B structure, and hence, the Bragg reflections of

N t=—(2Nca—Naa— Npat Aee—Nao), (8)  the transmission through the Mhek,B film. Furthermore,

V3 the circles indicate that the stress is rather local and expands

) X radially from a point at the grain boundary. The penetration

a_ % B < B depth of the stress is of the order of 200 nm. It should be

A _\/E Nee™ Ract 2()\aa+)\ba) Neas © remarked that there are no interfacial defects visible in the

Nd,Fe ,B grains and the TEM patterns indicate elastic de-

N"=Nza— Apa- (100  formations. In contrast, the Nd-rich phase is always multi-
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FIG. 1. TEM micrographs of a low-coercive NdFeB magnet with 5% DyGa.
Contrast circles due to stress are visible in dhgrains(a) along the grain
boundary with a thin layer of Nd-rich phase between the two graingland
at a triple point with the NgiGa, (Q) phase in the top-left corner. Scale: 1 0 \ ' ' ; ; ' '
cm=400 nm. 0 100 200 300 400 500 600 700 800

TrC]

crystalline and full of defects. The repetition in the stressgig. 3. Thermal expansion with increasing and decreasing temperature of a
circles in Fig. 1a) may be related to a well-known feature of polycrystalline bulk piece of NgFe;, Ga 3. Scan rate is 5 °C/min. Litera-
|iquid phase simering called necking. This causes the thickture values of the thermal expansion of Pr and Nd are also plotted.

ness of the Nd-rich intergranular layer between two

Nd,Fe ,B grain how riodical variation, which m - .
doFe1B grains to show a periodical variation, which may tostriction. In the same curve the expansion of Nd and Pr,

be reflected in the periodical variation of the stress in the . .
Nd,Fe,B grains. taken from Ref. 13, is plotted. Although the Nd- or Pr-rich

intergranular phases have a slightly different composition

The stress is most naturally explained by the difference?han the respective elements, a similar thermal expansion is
in thermal expansion of the various phases. The anomalous P ' P

behavior of the thermal expansion of M8 forms the expect_ed. From these flggres, it can be seen _that the differ-
ence in thermal expansion between theaxis of the

basis for these differences. Figure 2 shows the thermal e {d FeB grains on the one hand and teaxis of the
. P 2 4
pansion of a NdFeB permanent magfwith a small amount Nd,Fe ,B grains or the intergranular phases on the other

of Cu), along thea and ¢ axis. As over 90 vol % of the hand. | ther | Wh ling d th isalianed
magnet consists of N&e ,B, the expansion is identical to and, IS rather farge. Yvhen cooling down, the misaligne
that measured on aligned ek,,B powder™ A large spon- Nd,Fe B grains and the mtergranular grains will, t_herefore,
taneous magnetostriction, especially in thdirection gives exert arl]arge lstr|es; on ﬂaa?]ams of the NqulﬁB grains. d
an expansion with decreasing temperature below the Curiﬁ}] In the calculation in t N ngxt paragrapn, it IS assume
at the stress on the grains is compressive. This isanot

temperature(312 °Q. The thermal expansion of the inter- ~ . ) .
P e( 9 P priori true but depends on the percolation of the matrix

granular NdFe;; Ga ;3 compound has also been measured o . .
and the results are shown in Fig. 3. This compound is arﬁ)hase. It is likely that both compressive and tensile stresses

antiferromagnet with a Ne& temperature of 144 °€ The do _e>_<|st,. but only the compressive stre_-ss IS Important as co-
?I’CIVI'[y in NdFeB magnets is determined by the areas of

anomaly at the ordering temperature clearly indicates tha\ + anisot B Vi : | o th i
this compound also shows a significant spontaneous magné)—Wes anisotropy. By applying external pressure to the mag

net an unambiguous compressive stress is induced. We used
the negative magnetostriction of hek,B to make a pres-
sure cell as displayed in Fig. 4. A hollow stainless-steel cyl-
inder with a solid bottom and inner diameter af

=3.511(2) um was machined and a cylindrical NdFHgR)

dss
—

dUsu [%]

-0.2 } + + + + + t
0 100 200 300 400 500 600 700 800

Tr°] /——\

FIG. 2. Thermal expansion with increasing and decreasing temperature of
an aligned Nd—FeB magnet with a small amount of Cu additions measure#IG. 4. Hollow stainless-steel cylinder used to exert pressure ia theec-
along thea andc axes. Scan rate is 5 °C/min. tion of the cylindrical NdFeB5 wt % DyGag magnet.
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magnet was ground to a diameterdyf=3.521(1)um. Both  the Nd-rich phase and treeaxis of the NdFe ,B grains can
parts were heated to 300°C and the expansion of thée calculated using,,,= 640 °C and the data for the magne-
stainless-steel cylinder and the shrinkage of the magnet itostriction and Youngs moduli collected in Table I. This
the a direction made the magnet fit in the cylinder at thatgives a strain oAU 4(T,,) =3.2x10 % ande,=6.9x 10" *.
temperature. The experimental demagnetizing curves showla addition, Eq.(4) and the approximations for the stiffness
room-temperature coercivity which decreased slightly fromcoefficients from Table I, result in a magnetoelastic anisot-
824(5) to 8065) kA/m. It should be noted that the small ropy of K., =24 kJ/n?. This value is much lower than the
magnetization of the stainless steel has a negligible influencealue found by Rameshsince the anisotropic magnetostric-
on the field experienced by the magnet. tions are much smaller than the spontaneous magnetostric-
tions and the compressibility of the intergranular phase is
rather high. More important, the value for the magnetoelastic
anisotropy is negligible compared to the magnetocrystalline

It is important to note that the penetration depth of theanisotropy of Ky, .=4.9 MJ/n¥. For other intergranular
stress is much larger than the depth in which a reverseBhases similar calculations can be made and, although the
domain is nucleated. Street, Day, and Durfopave mea- Young's modulus of the NgFe;, Gay 5 is unknown, it can
sured the nucleation volume of a Meb,,B grain and derived be assessed that the magnetoelastic anisotropy will be of the
a value of approximately §10~25 m?, which is for a cubic ~same order of magnitude, i.e., considerably smaller than the
nucleation volume equal to a depth of 8 nm, roughly twicemagnetocrystalline anisotropy.
the domain-wall widths, . As the nucleation always happens A compressive stress is exerted on the magnet upon
at the grain boundary, the coercivity is only determined bycooling in the stainless-steel cylinder. Its value can be easily
the anisotropy in the stressed region. It is, therefore, likelalculated using Eq(14) with AU,=(dg—dsd/dss. This
that stress causes a reduced anisotropy at the grain bourférresponds to an external pressure of 1.8 kbar iratde
aries, and hence, may explain the large difference in coercivection of the magnet and leads to an expected decrease in
ity between magnets with and without téehase. The idea Coercivity of 56=18 kJ/n?. This number is slightly larger
of stress influencing the coercivity of NdFeB magnets haghan the experimental decrease of around-18 kJ/n?.
been put forward by Rameshand this calculation will However, since both calculated and measured effects of
progress along the same line. However, a number of essentimagnetOStFiCtion on coercivity are so small, it is concluded
elements will be changed. First, the magnetization-dependefftat homogeneous magnetostriction effects have no substan-
magnetostriction coefficients will be used, whereas Rameshal influence on the anisotropy of sintered NdFeB magnets,
has used spontaneous magnetostriction coefficients. Secoritgither theoretically nor experimentally.
the compressibility of the intergranular phase will be taken ~ However, it cannot be excluded that more subtle pro-
into account. Third, the difference in thermal expansion willcesses of induced stress play an important role. Because the
be calculated from room temperature to the melting point oftucleation volume is much smaller than the observed
the intergranular phase. strained region, inhomogeneous stress distribution should be

The magnetoelastic anisotropy constant is expressed #i#ken into account. Lattice mismatch between theReéd,B
terms of the strain on the NBe,B grains in Eq.(4). The grains and the intergranular phases or thermally induced
strain can easily be calculated from the differences in thétresses at triple points or other irregularities may cause very
thermal expansion of the various phases when the magnet l@rge strains in regions of the size of the nucleation volume.
cooled down after sintering. However, the Nd-rich phase id-urthermore, due to missing atoms, and therefore, symmetry
still liquid in the first stage of cooling, and it is assumed thatbreaking at the grain surface, the magnetocrystalline anisot-
during this cooling, no stress will occur. Only when the tem-ropy at the grain surface is entirely different from the bulk
perature falls below the melting temperature of the Nd-rich@nisotropy.> However, no estimate of the size of these ef-
phaseT,,, stresses will be induced. The total strain differ- fects can be made. Therefore, it has to be concluded that a
enceAUa(Tm) upon Coo“ng down frome can be read pIaUSible explanation for the Strong difference in CoerCiVity
from Figs. 2 and 3. Because the Nd-rich phase is “less stiff’between magnets with and without tentergranular phase
than the NgFe ;B phase, most of the strain will be incorpo- is still missing.
rated in the Nd-rich phase. This results in a strain of the
Nd,Fe; B grains, which differs significantly fromU ,(T,,).
To calculate the strain in the NHe ,B grains, the effective
two-grain Young's modulus must be used. For a situation as  An expression relating stress and magnetoelastic anisot-
in Fig. 1(a), the intergranular phase is of the same size as theopy has been derived for tetragonal compounds. It is shown
stressed region in the NEe,B grains. The strain in the that the orthorhombic distortion always lowers the anisot-

IV. CALCULATIONS

V. CONCLUSIONS

Nd,Fe 4B grain along thea direction is then given by ropy in tetragonal compounds no matter whether the stress is
E() tensile or compressive. The stress in the,N&,B grains
€.=AU4(T) (14) that is experimentally observed by TEM is elastic and of

E(®)+E() local character near the grain bounddpenetration depth
with E(®) the Young’'s modulus of the N&e;,B grains and ~200 nm). However, the calculations show that in sintered
E(l) the Young’s modulus of the intergranular phase. TheNdFeB permanent magnets, the average anisotropy induced
anisotropy due to the difference in the thermal expansion oby the difference in thermal expansion of the various phases
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